Background: The aim of this study was to assess the influence of ridge morphology on the amount of horizontal bone augmentation achieved with the sandwich bone augmentation (SBA) technique in the reconstruction of buccal dehiscence defects on dental implants.
INTRODUCTION
Ideally, the dental implant should be placed in a prosthetically driven position. However, with tooth extraction, there is an inevitable loss of alveolar ridge volume 1, 2 whereby the loss of horizontal ridge width occurs more frequently and to a greater extent compared with the loss of vertical ridge height (RH). 2 This commonly results in inadequate bone volume, thus preventing the implant from being placed in an ideal position. In order to overcome these deficiencies, bone augmentation procedures, such as guided bone regeneration (GBR), were used to regenerate the lost alveolar ridge 3, 4 prior to implant placement. This technique uses the concept for guided tissue regeneration 5 to regenerate bone with the help of bone grafts and barrier membranes. 6 It has been shown to be a predictable procedure with minimal complications. 7, 8 In recent years, the sandwich bone augmentation (SBA) technique was introduced through which GBR was done with simultaneous implant placement. 9 This technique allows the clinician to maximize the treatment outcomes of GBR by utilizing the properties of various bone grafts. 10 First, autogenous bone, because of its ability for de novo bone formation, is used to cover the exposed implant surfaces. Next, particulated cancellous bone allograft, mimicking cancellous bone in native bone, is placed over the autograft. Particulated cortical bone allograft is subsequently placed and this layer resembles the cortical bone layer in native bone. Lastly, a barrier membrane is used to protect the underlying bone graft and also to serve as a barrier to exclude undesirable nonregenerative cells such as the epithelial and gingival connective tissue cells. Having multiple layers of bone grafts over the exposed implant surface recreates the native bone composition, thus allowing for the reconstitution of lost bone around the implant. 10 Previous studies have evaluated the effectiveness of the SBA technique for the correction of buccal dehiscences on implants. The authors have reported an increase in horizontal bone width by 1.2 to 1.7 mm. In addition, the addition of a barrier membrane might prevent significant horizontal buccal bone resorption when compared with those treated without a membrane. 11, 12 It is known that good surgical technique is imperative to the success of bone augmentation procedures. 13 This is because alterations in achieving primary wound closure, adequate angiogenesis, space creation, space maintenance, and wound stability, can lead to an increased risk of membrane exposure and subsequently microorganism colonization, thus diminishing the amount of bone regeneration that can occur. Other factors, such as ridge angle, have also been found to influence the amount of peri-implant bone regeneration.
14 However, there is limited evidence evaluating the effect of ridge morphology on GBR. Therefore, this study aims to determine the influence of the alveolar ridge morphology on the success of SBA technique with simultaneous implant placement in increasing ridge width.
MATERIALS AND METHODS
This retrospective cone beam computed tomography (CBCT) study was approved by the University of Michigan Institutional Review Boards (ID: HUM00077717).
Image Acquisition. The scans used in this study were selected from those taken from a previous clinical trial (ID: HUM00026657). 11 All images were acquired with a CBCT machine (i- 
Inclusion Criteria
The CBCT images were viewed, at a distance of 30 cm, on a 28-inch desktop monitor with a resolution of 1024 × 768 pixels under room lightening. Two examiners (C.G. and F.S.) screened the CBCT images according to the inclusion and exclusion criteria, and selected those that fulfilled the criteria for this study. Scans that were included had preoperative, immediately after implant placement and 6-month postoperative scans, clear images in the maxilla without artifacts, an edentulous ridge as a result of a missing tooth, an adequate residual ridge width for achieving primary implant stability (>3.0 mm and >3.5 mm in width for a missing lateral and central incisor, respectively), 15 an adequate residual RH of more than 14 mm, and overall normal tooth alignment. The graft material, membrane and implant used were particulated mineralized human allograft (Puros®, Zimmer Dental Inc., Carlsbad, CA USA), bovine pericardium membrane (CopiOs®, Zimmer Dental Inc.), and dental implants (tapered screw vent implant, Zimmer Dental Inc.), respectively. Scans were excluded if they were unclear or incomplete (e.g., due to scattering), outline of the edentulous ridge could not be identified (e.g., recent extraction sockets), and there was buccal wall dehiscence (>3 mm) and/or fenestration as determined by assessment of the clinical photograph. Any disagreement was resolved after discussion with a third assessor (H-L.C.).
Image Orientation
The selected scans were reoriented such that the maxilla was symmetrical and the maxillary plane, defined as the line connecting the anterior and posterior nasal spine, was parallel to the ground. The maxillary plane served as the reference line. The reference arch (80 mm wide) was drawn at the level of crestal bone in the transverse view, with its center corresponding to the center of the ridge. The re-orientation of the scans allowed for comparison between scans.
Measurements
Two examiners (C.G. and F.S.) performed all measurements using the measuring tools available in the software (InvivoDent, Invivo5, Anatomage). Using the Kappa test, inter-and intraexaminer agreements were calculated to be 0.83 and 0.89, respectively. The following measurements were made in the mid-sagittal plane of the edentulous ridge at baseline (T1), immediately after surgery (T2), and 6 months postsurgery (T3) (Figure 1 , A and B):
• Ridge width (RW) was the distance between the buccal and palatal bone plates at 3 mm, 6 mm, 9 mm, and 12 mm apical to the crestal bone • Ridge angulation (RA) was the angle between the midline of the ridge and the reference line, whereby the midline was determined by vertically connecting the middle of horizontal lines at 3 mm, 6 mm, 9 mm, and 12 mm apical to the crest • RH was measured from the bone crest to the base of the maxilla at the midline of the ridge
• Concavity depth (CD) was the horizontal distance between the deepest point of the buccal plate (Point D) and a vertical reference line perpendicular to the reference line, passing through the most external point of the buccal plate (Point C) • Concavity angulation (CA) was the angle between line D-C (line connecting points D and C) and line D-P (line connecting points D and P), whereas point P was the most external point of the buccal plate coronal to Point D • Concavity location (CL) was described as the vertical distance between Point D and the alveolar crest.
• Implant angulation (IA): the angle between the maxillary plane and the long axis of the implant
Statistical Analysis
Descriptive analyses were conducted and expressed as means 1 standard deviations for RW at 3 mm, 6 mm, 9 mm, and 12 mm apical to the crest, RA, CA, and CD. Changes in RW between the three time points, T1, T2, and T3, were calculated. Possible correlations between RA, CA, CD, and the final RW gains at various measurement levels were plotted and presented as the square of Pearson's correlation coefficient values (R 2 ). The Student's t-test was used to evaluate the effect of membrane use on RW gains. The significant level was set at 0.05. All analyses were performed with a commercially available 
RESULTS
Seventy-eight scans from 26 subjects (13 males and 13 females) were available for this study. The mean patient age was 48.6 1 8.8 years (range of 31-64 years). Twentyone scans from seven subjects were excluded because scattering artifacts obscured the images. A total of 57 scans from 19 subjects were thus included in this study. Table 1 showed the overall changes in ridge morphology at baseline, immediately after surgery and 6 months postsurgery. At baseline, the mean RW at 3 mm, 6 mm, 9 mm, and 12 mm was 6.73 (1.38) mm, 7.99 (2.20) mm, 9.48 (3.27) mm, and 10.97 (5.42) mm, respectively. In addition, the mean RA was 119.05 (10.03)°. The mean CD, CA, and CL were 4.39 (2.65) mm, 146.32 (13.27)°, and 12.31 (4.24) mm, respectively. Immediately after surgery, a significant increase in RW was evident and expected. The mean RW at 3 mm, 6 mm, 9 mm, and 12 mm was 9.76 (1.48) mm, 12.49 Table 2 ).
Furthermore, statistically significant difference (p < .05) in mean RW gain was found between the membrane and no membrane groups. At 6 mm and 9 mm apical to the crest, the mean bone loss between T2-T3 was 2.89 (1.22) mm in the group that received a barrier membrane. However, the mean bone loss between RW = ridge width; T1 = baseline; T2 = immediately after surgery; T3 = 6 months after surgery. RA = ridge angulation; RW = ridge width; T1 = baseline; T2 = immediately after surgery; T3 = 6 months after surgery.
Figure 2
Mean ridge width gain at all measurement locations. (Figure 3) . Moreover, an overall mean bone gain in the membrane group was 3.75 (2.36) mm and 3.90 (2.67) mm, respectively, at 6 mm and 9 mm apical to the crest, as compared with 1.48 (1.50) and 1.64 (1.69) mm in the no membrane group (Figure 3 ). It could be concluded that the higher the CA, the lesser the RW gain (Figure 4) . However, the effect of CA on mean RW gain was only significant at 9 mm and 12 mm apical to the crest. Interestingly, at 9 mm apical to the crest, a critical CA of 150°was found. If the CA was less than 150°, the mean bone gain was 4.3 (2.2) mm. Conversely, if the CA was more than 150°, the mean bone gain was 1.3 (1.7) mm (p = .001).
DISCUSSION
This study aimed to evaluate the effect of ridge morphology on the amount of horizontal bone augmentation achievable with the SBA technique and simultaneous implant placement. As proven by this study, the SBA is a predictable GBR technique, based on the mean amount of horizontal ridge width gain. All implants placed achieved horizontal bone gain after 6 months, regardless of the implant location, ridge morphology, and use of membranes.
Lower mean ridge width gain was observed at 3 mm and 12 mm apical to crest. It was speculated that the reduction in bone gain was due to higher soft tissue pressure in these areas. However, there was greater mean ridge width gain at 6 mm and 9 mm apical to crest. This could be attributed to a more favorable defect morphology at these sites, as expressed by the concavity angle. The more acute the concavity angle, the deeper the defect, thus allowing the barrier membrane to better create and maintain the space for bone regeneration. This was in concordance with a recent study that reported greater dehiscence defect reduction when the ridge angle is less than 28°. 14 In addition, previous studies on guided tissue regeneration, also demonstrated that the more contained the defect, the better the regenerative outcome. 16, 17 This is because there is better tenting of the barrier membrane for space maintenance purposes. As such, there is a smaller risk of the barrier membrane collapsing into the defect, resulting in lesser amount of bone regeneration.
Our results also showed that the use of barrier membranes prevented significant bone resorption during the healing period, and thus greater mean ridge width gain was obtained. This was achievable because the barrier membrane excluded undesirable cells, for example, epithelial and connective tissue cells from populating the wound site, therefore allowing cells with regenerative potential, for example, osteoblasts to colonize the defect and form bone. 5 In this study, a bovine pericardium membrane (CopiOs® pericardium membrane, Zimmer Dental Inc.) was used as the barrier membrane for horizontal bone augmentation. It is processed in a unique manner (Tutoplast®; RTI Biologics Inc., Alachua, FL, USA) that allows the membrane to Figure 4 The effect of concavity angulation on mean ridge width gain at (A) 9 mm and (B) 12 mm apical to bone crest. retain its original structure; therefore, no membrane is the same as the other. However, this membrane is soft and drapes over the defect. In wider defects, it is speculated that there is lesser bone regeneration because of the collapse of the membrane into the defect.
Despite the limitations of this study, which were the small sample size and short study period, the SBA technique demonstrated success in gaining ridge width with simultaneous implant placement. It enjoyed good success 9, 11, 12, 18 because it utilized particulated cancellous and cortical allografts together with a collagen membrane to simulate the composition of native bone. In addition, significantly greater horizontal bone gain was achieved in the presence of barrier membranes and in ridges with more acute concavity angles.
CONCLUSION
Within the limitations of the present study, the SBA technique is a predictable method for gaining horizontal ridge width in the maxilla. The use of barrier membranes and concavity angulation appeared to affect the amount of bone regeneration achieved by GBR.
